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report  dleoueses  the  restate  of  an  Irvestlgaiion  regarding  the  potential 
of  thHigh  Lleetrie  constant  materials  SrTlO^,  W(«  aS  as  alternate  ^te 

^LSatorffS  radiation  hardened  insulated  gatl  fieJd  efi^t  transistors  ^ 
i^sSators  lere  deposited  by  rf  sputtering.  Capacitor  Struves  fabricated  vith 
SrTio’’  and  WO^  films  did  not  show  adequate  stability  under  bik^and 
stSsl  to  be  Useful  gate  dielectrics.  Reactively  sputtered  ha^um  dioxide  MIo 
caplcitors  exhibited^ar  more  stable  cMracteristics  ^th  bias^  ^^“dilde  ’ 
although  slow  trapping  effects  were  observed  at  high  bias  voltag^. 

SnSclt^s  IrSdlLd  vrtth  Co(60)  gsnmm  rays  to  a dose  of  ^rads  sho^d  a hxgh 
degree  of  radiation  tolerance.  Based  on  these  encouraging  res  s,  n-c  ® 
p-channel  transistors  vith  hafnium  dioxide  gate  Insulators 
Lvlces  exhibit  exceUent  transistor  characteristics.  For  a gate  ins^ator 
of  1 S and  t -*.s  voltages  of  + 6v,  threshold  voltage  shifts  in  most  Instances  did 
not  exceed  1 1.5V I 'or  a dose  of  Io7  rads.  Ihe  sense  of  the  radiation  Induced  thresh- 
ed voyage  Shi'  s observed  vas  not  alvayi  consistent,  although  the  s^e  process 
ciLlt^nfvJre  used  to  fabricate  devlc.s.  Further  effort  is  required  to  achieve  a 
high  degree  of  process  reproducibility  and  control  or  elimination  of  the  slow  trap- 

ping  effect. 

The  work  described  in  this  report  is  the  last  phase  of  a multiyear  program  on 
sputtered  thin  film  research.  A compilation  of  the  research  activities  which  pre- 
Sderthis  vorh  covering  the  period  15  April  1972  to  30  September  1974  m contained 
in  Report  Niunber  W921337-l^«__ 


'ad-  1^00--^  00^' 
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1.0  INTRODUCTION 


A great  deal  of  effort  has  been  expended  on  the  problem  of  impro-'.’ing  the 
radiation  tolerance  of  MIS  devices  exposed  to  ionizing  radiation.  Much  of  the  effort 
has  focused  on  the  modification  or  optimization  of  thermally  grown  silicon  dioxide. 
Several  approaches  investigated  have  included  the  substitution  of  chromium  for  alu- 
minum as  the  gate  metallization  (Ref.  1),  diffusion  of  chromium  into  silicon  dioxide 
(Ref.  2,  3)}  implantation  of  the  silicon  dioxide  gate  insulator  with  aluminum  (Ref. 

4)  and  optiml2atlon  of  the  MOS  fabrication  process  (Ref.  5)« 

Generally,  the  abo'/e  approaches  with  the  exception  of  aluminum  implantation 
have  led  to  a decrease  in  radiation  sensitivity  under  negative  gate  biases  but 
increases  in  device  sensitivity  to  ionizing  radiation  under  positive  gate  biases. 

In  contrast,  aluminum  implantation  led  to  improved  radiation  tolerance  under  positive 
gate  biases  but  increased  the  radiation  sensitivity  under  negative  gate  biases.  With 
the  increased  utilization  of  complementary  MOS  circuitry,  a radiation  hardening 
approach  is  reqiiired  which  will  be  compatible  with  both  n-  and  p-channel  devices. 

A limited  number  of  alternate  insulators  have  been  investigated  with  regard  to 
radiation  hardened  MIS  devices.  They  include  silicon  nitride  (Ref.  6,  7),  silicon 
oxynitride  (Ref.  8,  9)  and  aluminum  oxide  (Ref.  10,  11,  12).  Although  a significant 
degree  of  hardness  has  been  achieved  with  these  materials,  other  problems  have  been 
introduced  in  the  process.  In  many  cases  a field  dependent  instability  is  observed. 
In  other  cases,  a large  amount  of  oxide  charge  makes  the  technique  unacceptable.  For 
example,  Schmidt,  et  al  (Ref.  8,  9)  developed  silicon  oxynitride  films  which  exhib- 
ited an  extreme  decree  of  hardness  under  both  polarities  of  bias  but  an  unacceptably 
high  flat  band  voltage  of  -lOV.  Modifications  in  the  process  to  produce  low  thresh- 
old voltage  silicon  oxynitride  devices  resvilted  in  a marked  degradation  of  hardness 
and  charge  Injection  at  low  bias  voltages  (Ref.  9).  Zaininger  and  Waxman  (Ref.  10) 
reported  that  alumimmi  oxide  formed  by  anodization  showed  excellent  radiation  insen- 
sitivity under  both  negative  and  positive  bias.  Schlesler  and  Norris  (Ref.  12)  fab- 
ricated aluminum  oxide  gate  dielectric  CMOS  circuits  which  showed  excellent  radiation 
resistance  up  to  radiation  dose  of  2 x lo"^  rads.  The  radiation  resistance  of  the 
aluminum  oxide  gate  insiUator  is  attributed  in  part  to  charge  Injection.  The  major 
drawback  of  the  alumin\mi  oxide  gate  dielectric  stems  from  charge  injection  at  high 
electric  field.  This  resiats  in  an  undesired  threshold  voltage  shift  of  the  device. 
At  elevated  temperatures  charge  injection  taJtes  place  at  even  lower  bias  voltages. 
This  raises  questions  to  the  suitability  of  aluminum  oxide  gate  dielectrics  at 
elevated  temperatures. 

The  radiation  hardness  of  a gate  insulator  depends  on  a nvimber  of  factors;  such 
as,  the  density  and  distribution  of  electron  and  hole  traps,  electron-hole  recom- 
bination rates,  and  charge  injection.  These  factors,  in  tiirn,  are  dependent  on  the 
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choice  of  material  a^d  processing,  fhere  is  no  theoretical  basis  on 

predict  the  behavior  of  a given  insulator  subjected  to  an  impressed  electric  fie 

Ld  ionizing  radiation.  Radiation  hardening  of  MIS  devices  has  been  based  primarily 

on  empirical  studies. 

The  objective  of  the  research  reported  herein  was  to  investigate  the  s^tability 
Of  Sh  dielectric  constant  insulators  for  use  as  gate  dielectrics  for  ra^- 

ation  tolerant  MIS  devices.  High  dielectric  constant  insulators  potentially  offer 
two  significant  advantages  over  devices  using  silicon  dioxide  gate  insi^ators.  F 
an  equivalent  device  geometry  higher  IGFET  trans conductances  c^  be  achieved.  ^ 
addition,  the  high  dielectric  constant  is  more  effective  in  shlemng 
surface  from  the  effects  of  trapped  charge  generated  by  exposure  to  loniz  g 
tion  Tiis  would  result  in  a reduction  of  threshold  voltage  shift  for  ^ equivalen 
density  Vf  trapped  charges.  The  three  materials  which  were  chosen  for  t^s  investi- 
gation were  strontium  tltanate,  tungsten  trioxide  and  hafnium  dioxide.  The  die 
Sc  constant  of  bulk  strontium  titanate  (Ref.  13)  is  about  300_^d  a d-lectric 
constant  in  excess  of  1000  has  been  reported  for  tungsten  trioxide  (Ref.  ). 

Hafhium  dioxide  (Ref.  15)  is  known  to  have  a dielectric  constant  of  25. 

The  research  program  spanned  twelve  months  and  consisted  of  two  phases.  Phase 
I involved  the  fabrication  of  MIS  capacitors  with  SrTiO  and  HfO  ; their  elec- 

irioal  characterization;  and,  finally,  assessment  of^their  rJdiatron 
Co  60  v-irradlation.  This  screening  period  lasted  nine  (9)  months.  At  the  cotple 
tlon  of  the  first  phase,  the  results  indicated  that  HfO 

for  radiation  tolerant  devices  among  the  insulators  evaluated,  to  the  fi.ial  ptose, 
lasting  three  months,  the  program  consisted  of  the  tasks  of  fabricating  tansi 
and  a simple  inverter  circuit  for  additional  data  on  the  suitability  of  HfO^  as  a 
radiation  tolerant  gate  dielectric 
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2.0  EXPERIMENTAL  PROCEDURE 


2.1  Sputtering  System 

The  dielectric  films  were  deposited  by  reactive  rf  sputte  -ing  of  the 

”^0?  =P-tterin/=hamber  ^o„- 

racted  ol  stainless  steel.  Sputtering  pressure  was  measured  by  Varisn  Millitorr 
gauges.  Two  magnet  coils  which  have  been  welded  into  stainlea<;  af 

:r 

substrate.  The  magnets  enhance  as  well  as  confine  the  rf  plasma.  MjustLnt  of 
field  strength  influences  substrate  heating  and  uniformity  of  the  depLition  The 
h^ber  - evacuated  by  a Welsh  3103  turbcmolecular  pump  i:hich  is  cSi"ro?'pump- 
mg  .50  L/sec  in  the  milxitorr  range.  Use  of  the  turbomolecular  pumn  in  nlacfo? 

whicr^""  diffusion  pump  eliminates  the  "backstreaming"  of  hydrocarbons 

ich  would  result  in  contamination  of  the  film  during  the  sputteri^  process. 

substra-oe  holder  was  constructed  of  stainless  steel  anc  contained  an 

irtTylo  “C  siyyS  - deposition  temperature 

s^bsy^Ite  substrates  were  he.ld  in  place  by  means  of  a ring  clamp.  -Rie 

- --ey  etchmg 

The  sputtering  targets  were  five  inch  diameter  discs.  The  hafnium  dioxide 
aud  tunptan  trloxide  were  foimed  by  reactive  sputtering  of  the  “il "lal 
target  in  an  oxygen  ambient.  The  metal  targets  were  analyzed  to  be  99  9 percenf 

A reactive  ojygen  ambient  was  recuired  for  the  deposition  of 

Se"slur[;^  f:f%h'"r-  =wn  (99.99*'  percent)  was  usL  L 

g g . The  target  t)  substrate  separation  was  maintained  at  2.5  cm. 


2.2  Silicon  Substrates 

The  silicon  used  in  this  work  was  in  the  form  of  1.25  inch  diameter  wefor. 
prepared  by  the  CtochraUkl  methods.  Both  p-  and  n-  type  substraJeT^rdol 

end  o resistivity  ranged  between  5-lOn-cm  for  -V  studLs 

^d  O.Oin-cm  material  was  used  for  dielectric  and  optica:^  evaluation  of  the  films 
eposited.  Prior  to  film  deposition  the  wafers  were  degreased,  boiled  in  nitric 
acid,  rinsed  in  high  resitivity  deionized  water,  etched  in  hydrofluric  acid 
rinsed  again  in  dionized  water  and  blown  dry  in  a dry  nitrogen  gas  stream.  ’ 

In  the  cases  where  Si-Si02-insulator  structures  were  desired  for  study  the 

reslsSveirteItS°^“  ° ^ “ horizontal 

nrf  r T t oihioo"  <iioxide  was  then  annealed  at  the  same 

temperature  in  nitrogen  for  30  minutes. 
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2.3  Procedure  for  Film  Deposition 

At  ttt  out=et  of  a run.tte  system  was  “'J  \Z\^f  to 

substrate  .s  to  be  sputter  cleaned,  ® sputter  cleaning  of  the  target 

a pressur,  of  85  mTorr.  With  the  s u ers  ’g^^jtter  cleaning  of  the  target 

was  started  at  ah  rf  power  density  substrate  was  brought  up 

was  usually  performed  for  an  our.  sample  at  the  desired  temperature, 

to  the  desired  deposition  te"P-«ture.  With^the^s^^^^ 

a 1 hV  dc  discharge  was  i-ttiated  P^tt^^  substrate  sputter  etching  operation, 

tinned  for  1 to  5 system  pumped  down  to  the  desired  operating 

the  dc  discharge  was  terminate  , oq  sec  ) the  shutters  were  opened 

pressure  (this  operation  tai.es  the  substrate- was 

and  film  deposition  was  commenced.  I P oxygen  was  introduced  up  to  the 

required,  the  system  was  pumped  .leaned,  ’ simultaneously  the  sample  was 

desired  pressure,  the  target  was  p - and  at  the  end  of  the  sputter  clear- 

bropght  to  the  desired  deposition  temperature  and 

ing,  the  shutters  were  opened  and  film  deposi  ion 

’ After  film  deposition,  heat  treatments  in  nitrogen,  hydrogen  and  oxygen  were 
investigated. 


2.4  Measurements 


The  electrical  S^dSeter  “liOT  o^goih 

interface  propertiee  were  studied  by  MIS 

frequency  capacltance-yoltage  Lchniqu;  described  by  Kuhn 

characteristics  were  obtained  using  q>^asi-static  tech  q 

(Bef.  16).  Stability  of  the  forvaiying  pfriods  of  time 

and  negative  bias  voltages  aero  s atmosphere  at  a temperature  of 

while  the  sample  was  maintained  in  a nitrogen  atmosphere 

200  “C. 

Bilm  thichness  and  tractive  ^ ^rT^.r.rsrraSrr^^^^^^^ 
ellipsometer  at  a wavelength  of  546  nm.  The 
thick  specimens  for  thickness  measurements. 

•■(■••ir-i-i-v  ni  the  insulators  was  determined  by  irradiating 
The  radiation  n-^ative  gate  bias  with  CO  (6o)  gamma  rays.  The 

MIS  capacitors  under  positive  ^ ^ investigated. 

radiation  effects  up  to  a at  the  University  of 

The  cobalt  60  source  used  in  these  studies  was  xoc  , . 

CoLcticut.  The  dose  rate  of  the  gamma  source  was  105  rads/hr. 
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3.0  FABRICATION  AND  EVALUATI(»J  OF  mIS  CAPACITCRS 


A wide  range  of  deposition  parameters  and  annealing  treatments  were 
investigated  in  an  attempt  to  find  the  conditions  which  would  provide  MIS  structures 
exhibiting  the  best  characteristics  with  regard  to,  surface  state  density,  flat- 
band  voltage,  and  stability  under  voltage  bias  and  temperature  stress.  Substrate 
deposition  temperatures  were  varied  between  100  “C  and  60O  °C.  Oxygen  sputtering 
pressure  was  varied  from  1 to  5 x 10"2  Torr.  Films  were  annealed  in  ambients  of 

) N2  and  O2  • 


3.1  Strontium  Titanate  MIS  Capacitors 

Although  stronti'jm  titanate  films  were  sputtered  from  a ceramic  target  of  the 
compound,  sputtering  in  a pure  argon  atmosphere  resuO-ted  in  the  depositiwi  of 
oxygen  deficient,  highly  conducting  films.  Sputtering  in  a reactive  ambient  of 
oxygen  was  required  to  produce  stoichiometric  films.  The  dielectric  constant  of 
the  films  was  a strong  function  of  the  substrate  deposition  temperature  and  varied 
from  40  for  films  deposited  at  100  °C  to  a dielectric  constant  of  200  for  films 
deposited  at  500  “C.  A similar  variation  for  rf  sputtered  SrTi03  films  has  been 
reported  by  Pennebaker  (Ref.  17)  snd  is  correlated  to  crystallite  size  of  the  film. 
Films  deposited  at  low  temperatures  are  fine  grained  and  the  gr^n  size  increases 
with  substrate  deposition  temperature.  Sputtering  press’ire  exhibited  little 
effect  on  the  dielectric  constant.  The  loss  tangent  of  the  films  measured  at 
100  kHz  ranged  between  0.01  to  0.02. 

The  index  of  refraction  of  the  films  was  determined  from  measurements  by 
ellipsometry.  Films  with  a dielectric  constant  of  4o  had  an  index  of  2.1  and 
ranged  up  to  a refractive  index  value  of  2.3  for  films  wi^.h  a dielectric  constant 

of  200. 

The  requirement  of  a reactive  oxj'gen  ambient  for  the  sputtering  of  strontium 
titanate  films  resulted  in  considerable  difficulty  in  our  attempts  to  deposit 
strontium  titanate  films  on  "bare"  silicon.  In  order  to  achieve  the  condition  of 
an  oxide  free  silicon  surface,  the  silicon  substrate  was  sputter  etched  and  deposi- 
tion of  strontium  titanate  followed  immediately.  In  many  cases,  this  did  not  lead 
to  MIS  capacitors  with  stable  capacitance-voltage  characteristics.  Generally, 
the  hysteresis  was  of  the  order  of  several  volts  with  2000  % BrTiO^  films  for  bias 
excursions  of  ±10V.  The  sense  of  flatband  voltage  shift  was  positive  for  pofij.tive 
biases  and  negative  for  negative  bias.  The  threshold  voltage  for  cnse*-,  of  charge 
transfer  varied  between  4 to  6 volts.  This  is  indicative  of  the  formation  of  a 
thin  silicon  oxide  layer  between  the  silicon  and  SrTiO,^  film  which  permits  the 
timneling  of  charge  into  traps  in  the  SrTi03  film.  The  combination  of  a high 
dielectric  constant  film  with  a low  dielectric  constant  film  leads  to  the  build ^ 
up  of  very  high  fields  across  low  dielectric  constant  material  at  normal  gate  bias 
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voltages  and  hence  would  result  in  the  type  of  insbability  observed.  The  exact 
behavior  was  observed  in  an  earlier  variable  threshold  IGFET  memory  transistor 
study  (Ref.  l8)  with  SrTiO^  films  intentionally  deposited  on  20^  layers  of  thermal 
Si02.  In  some  cases  devices  were  fabricated  which  did  not  exhibit  the  above  insta- 
bility but  instead  showed  a weaic  polarization  at  room  temperature  of  the  order  of 
a half  a volt  for  bias  voltage  excursions  of  ±8v.  The  shift  was  positive  for 
negative  bias  and  negative  for  positive  bias.  High  frequency  C-V  characteristics 
for  n-type  and  p-type  capacitors  of  such  devices  are  illustrated  in  Fig.  1.  The 
film  deposition  in  both  cases  was  done  at  a substrate  temperature  of  300  °C,  a 
power  density  of  1.6  W/cm^  and  an  oxygen  pressure  of  1.5  x 10"^  Torr.  The  samples 
were  annealed  in  oxygen  at  750  °C  for  one  half  hour.  Unannealed  samples  showed 
a positive  fixed  surface  charge  density  of  the  order  of  10^3/cm^  and  a smearing  of 
the  C-V  characteristics  which  is  indicative  of  a high  surface  state  density. 

The  relationship  between  the  flatband  voltage  Vprg  of  the  experimental  curve 
and  the  fixed  surface  charge  density  is  given  by  the  expression 


V, 


N^c<ld 


FB 


+ 0, 


ee. 


MS 


where  0 is  the  metal  semiconductor  work  function  difference,  q is  the  electron  ; 

charge,  d is  the  thickness  of  the  insulator,  Bq  is  the  permittivity  of  free  space, 

and  c is  the  dielectric  constant  of  the  insulator.  The  interfacial  charge  is 

fovnd  to  be  positive  and  the  values  of  vary  between  1-3  x 10^^/cm^.  ^ 

Introduction  of  a thermal  silicon  dioxide  layer  of  approximately  100  8.  * 

stabilized  the  C-V  characteristics  to  bias  stressing  at  room  temperature  for  volt- 
ages  up  to  ±10V.  Bias  stressing  of  the  thermal  . i02-SrTi02  at  200  °C  at  ±10V  for  I 

15  minutes  resulted  in  a marked  h^^steresis  in  the  C-V  characteristics.  Positive  ^ 

bias  resulted  in  negative  flat  band  voltage  shifts  of  3 volts  where  as  negative  ; 

fias  resxlLted  in  positive  shifts  of  2 volts.  This  polarization  is  due  to  the  marked  \ 

differences  in  the  conductivity  of  SrTiO^  and  Si02.  Similar  effects  have  been  ^ 

observed  with  Si02-Si«Nj^  and  Si02~Al202  capacitors  employing  Si02  filmr  of  the  order 
of  100  8 in  thickness;  ’’ 

I 

In  spite  of  the  problems  encountered  with  the  fabrication  of  strontium  titanate  j 

capacitors,  units  which  exhibited  relatively  stable  C-V  characteristics  for  bias 
excursions  of  ±8v  were  examined  fcr  their  radiation  tolerance  when  exposed  to  ionizing 
radiation.  The  results  obtained  for  several  process  variations  are  shown  in 
Figs.  2 through  4. 

A comparison  of  the  results  shows  that  the  SrTiO^  film  (Fig.  2)  with  a dielec-  * 

trie  constant  of  200  deposited  on  "bare"  silicon  shows  the  higher  degree  of  radia-  ] 

tion  tolerance  for  a Co  60  7-ray  doses  of  107  rads  and  bias  voltages  of  ±6v.  The  ^ 

maximum  flat  band  voltage  shift  is  approximately  1/2  volt  to  more  negative  values.  | 
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FIG.  1 


C-V  CHAWACTERISTICS  OF  N AND  P-TYM  AM-JrTiOs-#  CAI*ACITO«S 
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200  pf- 
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. •+  H «-h  ^nn  °r  oxvcen  pressure  of  1.5  x lO'^  Torr,  and  an  rf 

This  filB  ms  J ;omb2atiL  of  a 100  % SIO^  film  with  a stros‘los. 

Sra^atHS  wuh1  ~ aoo'lesds  to  signifiosht  dsgradatloh  in  radiation  hard-.-s 
(Serng.  Tma^had  increase  in  surface  state  density  under  posxtrve  hxas 

also  occurs. 


Figure  3 shows  the  radiation  response  for  a SrTiO,  film  ^th  a 
constant  of  80  deposited  on  ■•bare"  silicon.  banfvoi;. 

cantly  less  than  the  film  constants.  A possible  explana- 

tfonira^  tuLrase^trap  density  for  holes  in  the  finer  grained  lower  dieleotrro 
constant  films. 


3.2  IMngsten  Trioxide  MIS  Capacitors 


Films  of  tungsten  triorlde  were  deposited  on  f 

at  a -strata  te^erature  Of  ^ ^ “pcr  L Uf  hour, 

t\nriftTfL;id'vo(tag;  tends  to  stabilise  out.  ^be  ‘nder  of  refr^tion  of 
these  films  was  determined  to  be  2.3.  The  ^J^lectric  ^^^Ig^tric  constant 

h^ Tm^xSd^^LSce^f  For  example,  ® Yo^T’aflO^kH^ 

rry^!  S;trirn:i:s:“rfirre“:ti:Jty-was  Tf  th;  order  Of  109  .-cm. 


Measurement  of  the  C-V  characteristics  at  room  temperature  of  a 3000&  thick 
film  showed  a small  hysteresis  of  less  than  a l/2  vo  w en  ^ 

limited  to  ilOV.  A positive  (negative)  bi^  on  ^.ghiy 

“°'’d  "ung^lut^°whenlLled  t^room  temperature,  the  films  exhibited  the  initial 
conducting,  but,  wnen  coox  vorrra  cn-r-rfunt  nf  the  WO-3  films  was 

ri:rfi:-irBre:Ie:Thrthrri::iacfm:n^^  - prevented  tL  measurement 

Of  the  low  frequency  C-V  characteristics  by  the  quasi-static  techniques. 


(^olt  in  the  direction  of  a more  neg  -radiation  response  for  a composite 

(/^irtually  no  flatband  shift.  Fig^e  s ows  ^ ^ „„  mn  2 nf  SiO^. 


virtually  no  t^  deposited  on  100  ^ of  SiO,. 

MIS  capacitor  ^rsi^ificant  degradation  in  the  radiation  tolerance 

At  a y-ray  dose  of  10  ,r  ’ ^ 7 , ^ positive  bias  degrades  the 

occurs  under  positive  bias.  A dose  of  10'  rads  unaer  po^x  _ 

C-V  characteristics  to  the  point  where  it  was  barely  distinguishable. 
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FIG 


C-V  CHARACTERISTICS  01-  7-IRRADIATED  Al-W03-Si02-Si 

A1-3000A  WO3-IOOA  SiOj-SILICON  CAPACITOR 


CAPACITOR 
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3.3  Hafnium  Dioxide  MIS  Capacitors 


A wide  range  of  deposition  conditions  for  reactively  sputtered  hafnium  dioxide 

films  were  investigated.  The  parameters  which  appeared  to  yield  the  better  films 

~ ' " ” ' and 


cm 


corresponded  to  a substrate  temperature  of  400  °C,  a power  density  of  1.5  W/ 
an  oxygen  pressure  of  1.5  x 10  Torr.  Sputtered  films  prior  to  annealing, 
exhibited  a positive  surface  charge  density  of  approximately  lO^S/cm  and  a moder- 
ately hi^  surface  state  density  which  was  reflected  by  distortion  in  the  high 
frequency C-V  characteristic.  Annealing  in  oxygen  at  800  C for  one  hour  stabilized 
the  insulator  charge  distribution. 


The  surface  fin? °b  of  the  sputtered  films  is  relatively  smooth.  An  electron 
micrograph  of  a typical  surface  is  shown  in  Fig.  7-  All  the  sputtered  films  were 
polycrystalline  over  the  range  of  deposition  temperatures  investigated  (100°-  600°C). 
A typical  relfection  electron  diffraction  pattern  for  a hafnium  dioxide  filui  is 
shown  in  Fig.  8.  The  crystal  structure  of  the  films  correspond  to  the  monoclinic 

phase  of  Hf02. 

The  dielectric  constant  of  the  films  ranged  from  a low  of  15  for  depositions 
of  100  "C  up  to  22  for  films  deposited  at  400  °C.  Loss  tangent  measurements  on 
hafnium  dioxide  films  measured  at  100  kHz  typically  fell  near  0.005.  The  dc  resis- 
tivity at  low  voltages  was  found  to  range  between  10  ’ to  10  ohm-cm. 

These  properties  compare  closely  with  the  results  reported  by  Goldstein  (Ref. 
19)  and  Pratt  (Ref.  20)  for  sputtered  hafnium  dioxide  films.  Goldstein  reported  a 
value  of  24.5  for  the  dielectric  constant  for  dc  reactively  sputtered  hafnium  diox- 
ide. Pratt  reported  a dielectric  constant  of  I6  for  films  deposited  by  rf  sputter- 
ing from  a ceramic  HfOg  target. 

The  refractive  index  of  the  films  varied  from  2,0  for  the  low  temperature 
deposits  at  100  °C  up  to  2.2  for  the  400  °C  depositions. 

Exposure  of  the  films  to  acids,  such  as  boiling  HCl,  hot  H2S0j^,  49  percent  HF , 
and  boiling  aqua-regia,  did  not  result  in  any  significant  etching  of  the  HfO^. 
Aqueous  solutions  of  KOH  and  NaOH  had  no  appreciable  effect  either.  Only  boiling 
phosphoric  acid  was  found  to  slowly  etch  the  Hf02  films  formed  by  reactive  sputter- 
ing. 

The  C-V  characteristics,  for  an  MIS  capacitor  fabricated  with  sputtered  hafnium 
dioxide  on  "bare"  silicon  is  shown  in  Fig.  9*  The  interface  charge  density  for 
this  samnle  is  -1  x 10^^/cm^ . For  other  depositions,  the  interface  charge  density 
r^ge  “etween  -1  x 10^"  to  -5  x These  fil.s  do  show  so.e  effects  of  a 

Slow  trapping  instability  for  bias  fields  exceeding  ±10  V/cm  at  room  temperature 
and  ±4  x 10^  V/cm  at  200  °C.  Shifts  of  1-2  V in  flatband  voltage  occur  if  the 
bias  voltages  corresponding  to  the  above  fields  are  maintained  for  a period  of  10 
min.  The  sense  of  the  shift  is  positive  for  negative  bias  and  negative  for  positive 
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FIG,  8 


REFLbCTION  ELECTRON  DIFFRACTION  PATTERN  FOR  Hf02  FILM 


76-02-105  9 
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Mas  waen  l“s»:!as  m"-! 

rsro:^ri”.^iii:-  „a.ativa  M..  - =-V  -aa-isMes  .m 

MfO  -SiO  insulator  is  shown  in  Fig.  lo.  Positive  ixao  usuiu 
a composite  HIU2  oiUp  1 ...  c(.inn‘iar  effects  have  been 

are  achieved  with  the  Hf02-Si02  composite  insulator.  Similar 

observed  for  Al203“Si02  composites. 

XT  ^ ™ films  were  examined  to  determine  if  they  would  act  as  barriers 

•-1-1^  ‘on  drift  The  HfOo  surface  was  contaminated  by  dipping  the  wafer  into 

ErS  ic- ::  re  r:™  ... 

age  -12  rnHrorXriga^Sacticn 

recove^  in  flat  J for  a .npexable  annpal.  The  results  show 

thlt^oly^^stalline  Hf02  will  not  act  as  a diffusion  barrier  for  positive  10ns. 

Fast  surface  state  density  near  midgap  can  be  estimated 
between  the  duasi-static  capacitance  and  the  low  f 
using  this  technique,  the  surface  state  ^ 

capacitors  is  found  to  range  between  5 x 10^  to  1 x 10  /c  . 

Capaaitors  exhihiting 

lu^nh^d  raLkabla  radiation  ^“oiraror+erSTrrltr 

.Itaga  -il-  to  ^ rr rur“itTLro  Mas  end  -6v  Mas 

SrSi  r nrau.'nathsnd  shifts  end  these  shifts  ° 

STo? 

rronfi^:: 

time  to  determine  the  cause  of  these  discrepancies. 

Capanitcr  S 

exhibited  a greater  degree  of  radiation  ^ensiti  y 

sM^lere  crsLtent  wiS  thi  development  of'positive  charge  in  the  insulator. 


3.4  Discussion  of  Results 

rr:fiirdS::rrrsra^t^i:raLrrr 

ccnduLs  for  “e^Shitad'frerfehle^aSe^f  ability 

rr:r  rnr^-rerrsi:  :"ehicle  .r  the  eyematicn  Of  the 
radiation  tolerance  of  the  dielectrics  Hf02,  SrTiO^  and  WO3. 
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Overall,  a high  degree  of  radiation  tolerance  was  shown  by  all.  The  major 
drawback  of  SrTiO^  and  is  related  to  their  poor  insulator  qualities.  Both  are 
known  to  be  defect  semiconductors  in  the  nonstoichioaetric  sta'.e.  Evidently  the 
failure  to  produce  films  sufficiently  near  stoichiometry  places  a severe  limitation 
on  their  usefulness  in  most  applications.  Because  of  hafnitsa  dioxides  superior 
insulating  properties,  it  appears  to  have  considertbly  more  potential  for  the  fab- 
rication of  radiation  tolerant  insulated  gate  field  effect  transistors.  A higher 
degree  of  reproducibility  for  the  process  would  be  desirable  fo;r  the  fabrication 
of  MIS  structures  exhibiting  a high  degree  of  stability  under  bias  and  temperature 
stress.  In  spite  of  these  problems,  the  results  obtained  with  irradiated  HfOg 
MIS  capacitors  were  sufficiently  encouraging  to  Justify  the  fabrication  of  tran- 
sistors for  further  evaluation  of  the  potential  of  HfOg  for  radiation  hardened 
insulated  gate  field  effect  transistors.  These  results  ar  covered  in  the.  following 
section. 
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4.0  HAFNIUM  DIOXIDE  TRANSISTOR  FABRICATION  AND  EVALUATION 


The  insensitivity  of  hafnium  dioxide  to  etching  by  acids  and  bases  presented 
a problem  regarding  the  fabrication  of  transistors.  A method  for  making  contact  to 
the  source  drain  electrodes  was  required.  In  order  to  achieve  this  end,  a lift-off 
technique  was  developed  which  removed  hafniimi  dioxide  from  all  areas  but  the.  gate 
region.  The  processing  of  transistors  forced  elimination  of  the  sputter  etching  of 
the  substrate  prior  to  deposition  of  the  hafnium  dioxide.  It  was  found  that  this 
process  modification  did  not  have  a significant  effect  on  the  radiation  hardness. 


4.1  Transistor  Fabrication 


P-channel  devices  were  fabricated  on  lOQ  - cm  phosphorous  doped  (lOO)  silicon. 
N-channel  units  were  fabricated  on  50  “ cm  boron  doped  (lOO)  silicon.  The  process 
steps,  including  the  diffusion  of  the  source  and  drain,  followed  standard  processing 
procedures.  The  steps  leading  up  to  the  deposition  and  definition  of  the  hafnium 
dioxide  gate  dielectric  are  shown  schematically  in  Fig.  12.  The  processing  steps 
are  as  follows : 

1)  Sputter  500  % film  of  chromium  metal  (Fig.  12a) 

2)  Photoresist  first  oxide, remove  mask  and  etch  chromium  (Fig.  12b) 

3)  Etch  silicon  dioxide,  leaving  approximately  2000  A of  SiOg  (Fig.  12c) 

4)  Photoresist  second  oxide,  remove  mask  and  etch  chromium  (Fig.  12d) 

5)  Etch  remaining  2000  A of  Si02  in  gate  area.  (Fig.  12e) 

The  etching  of  the  chromium  to  define  the  gate  area  can  be  done  either 
chemically  or  by  ion  milling.  Devices  were  fabricated  by  both  techniques.  Figure 
13  shows  the  gate  region  just  before  deposition  of  the  Hf02  film. 

The  purpose  of  process  steps  4 and  5 niay  not  be  obvious  but  their  function 
was  to  provide  a stepless  transition  between  the  SiOp  and  sputtered  HfOp  film  in 
the  vicinity  of  gate  and  source-drain  junctions.  If  the  gate  region  were  opened 
completely  in  step  3 and  sputtered  HfOp  deposited,  one  would  run  the  risk  of  a dis- 
continuity between  the  SiOp  and  HfOp.  This  is  a consequence  of  the  shadowing 
effect  of  the  overhanging  chromi\im  film.  Deposition  of  the  gate  metallization 
therefore,  would  result  in  the  shorting  of  the  gate  to  either  the  source  or  drain. 

6)  Following  deposition  of  the  Hf02  (400  C,  1.5  x 10  Torr  02),  the  wafer 
was  placed  into  a chrome  etch  (HCl)  and  ultrasonically  agitated.  The 
hafnium  dioxide  was  removed  from  all  but  the  gate  regions  (Fig.  12f). 
Following  these  steps,  the  wafer  was  annealed  in  Op  at  800  C for  one  hour. 
Contact  holei  are  opened  up,  5000  A of  A1  is  evaporated,  and  the  metalliza- 
tion pattern  was  defined.  The  con^-  cts  are  sintered  for  15  minutes  at  500°C 
in  a nitrogen  ambient. 
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FIG.  13 


GATE  AREA  AFTER  SECOND  ION  MILL  OF  CHROMIUM  MASK 


75-02-105-4 
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The  taet  chip  designed  for  thl' e™luarch'of"Se 

diameter  capacitors  ”f  simple  inverter  comprise  the  remaining 

surface  properties.  A sing  f-ranqistor  of  the  inverter  were  of 

chip  elements.  The  single  transistor  and  mil.  The 

Identical  10  for  the  large  transistors  whereas  this 

fariall"  rorlhfJfrrafsClr^f  the  inverter.  The  transistors  were  fahri- 
cated  with  gate  protection  diodes . 

The  wafers  were  scribed  into  chips  and  mounted  in  TO-5  packages  for  testing 
and  irradiation. 


4.2  Transistor  Evaluation 

Both  n-ch^el  and  P-J-  --rreeTfer^rerc'vaSt^^^^ 
insiiLator  thickness  was  1200  A.  I » ,mnns  the  three  separate  p-channel 

cessed.  The  variation  in  "f^rresr^  va^ed  between  the 

runs  were  negligi  . the  processed  n-channel  wafers  led  to 

processed  n-channel  wafers . +n  1 to  0 3 volte  while  the  second 

Lvices  with  threshold  voltages  "Sh,st  n-channel 

wafer  yielded  devices  whi^  were  threshold  voltages  centered  at  Vp  = +1-8V. 

wafer  processed  nrst^rocessing  run  of  n- 

S^el'and  TchaSel  devices.  Ihe 

serious  degradation  of  device  characteristics. 

4.2.1  P-Channel  Devices 

Yw  — -IV. 

CO 

a.-  osa-h-ifar*tpd  to  Co ( 60 ) Y-rav  exposures  of  10  rads,  10 

Circuits  under  hias  were  J therefore  100  honrs  were 

rads  and  10^  rads,  aoSe  levels  were  impractical  due  to  time 

required  to  accumulate  10  rads.  Higher  nose  levc 

limitations . 

Figure  17  shows  the  output  characteristics  of  the 
as  a function  of  irradiat.ion  level,  and  i*  ^ shift  in  threshold 

degradation  of  illStrated  more  clearly  in  Fig.  l8  which 

voltage  to  more  negative  va  . nf  Irradiation  exposure.  Trans- 
shows the  transfer  characteristics  ^ -2  5)  for  irradiation  with  zero 

fer  characteristics  of  the  small  transistor  (Z/l  - 2.5)  for  irradiati 
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FIG.  14 


test  chip  for  Hf02  TRANSISTOR  AND  INVERTER  EVALUATION 


76^02-105-3 


FIG,  17 
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Iq  - Vd  characteristics  of  P-CHANN  £L  Hf02  TRANSISTORS 
BEFORE  AND  AFTER  Co  (60)  7-  IRRADIATION 


BEFORE 

IRRADIATION 


VERT  — 0.5  ma/div 

VERT  0.5  ma/div 

HORIZ-  1.0  V./div 

HORIZ  TOV'div 

Vq  - 0.5  V/STEP  ( 12  STEPS  ) 

Vq  0 5 / STEP  (12  STEPS 

1q6  rads 


VERT  - 0.2  ma^dlv 


VERT  — 0.2  ma/div 


mmmmmmm 

■iiMiiaiSi 


HORIZ  - 1.0  V,/div 

Vq  -0.5  V/ STEP  (12  STEPS  ) 


HORIZ  - 1.0  V/div 

Vq  - 0.5  V/STEP  (12  STEPS) 
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FIG  18 


TRANSFER  CHARACTERISTICS  OF  Hf02  TRANSISTOR  BEFORE  AND  AFTER  7-  IRRADIATION 


UNIRRADIATED 


i 


6V  BIAS  - 10®  RADS  j 

I 


VERT  0 2 ma  div 
HORIZ  lOV'div 
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gate  bias  shows  a similar  behavior  (see  Fig.  19).  An  accumulation  of  10^  rads 
results  in  a negligible  effect  on  device  characteristics.  Irradiation  to  10°  rads 
at  zero  bias  leads  to  negative  threshold  voltage  shifts  aVt  ranging  between  -O.5 
to  -0.9V  with  the  distribution  skewed  toward  -0.9V(see  Fig.  20).  For  a -6v  gate 
bias,  and  10  rads,  ranges  between  -0.4  to  -l.lv  (see  Fig.  21).  Two  units  from 
the  50  irradiated  shorted  out.  Transistors  with  zero  gate  bias  and  a dose  of  lo"^ 
rads  show  an  overall  AVrj  ranging  betxveen  -0.8  to  -2.0V  (see  Fig.  22).  Those  tran- 
sistors biased  at  -oV  showed  a spread  in  aV^  between  -O.5  to-2.2V  with  most  of  the 
units  centered  near  -IV.  Three  devices  shifted  to  positive  values  of  threshold 
voltage.  Four  of  the  48  units  irradiated  shorted  out.  Eleven  units  were  lost  due 
to  open  bonds  due  to  the  problems  being  experienced  with  the  ultrasonic  bonding  unit 
at  the  time.  Unfortunately,  the  bonding  problems  placed  a limitation  on  the  number 
of  units  which  could  be  packaged  for  study. 

4.2.^  N-Channel  Devices 

indicated  earlier,  reproducibility  problems  were  encountered  . hh  the 
fabr  iction  of  n-channel  ^onits.  The  first  units  fabricated  had  very  low  threshold 
voiMges  typically  between  +0.1  to  0.3V.  VJhen  these  devices  were  subjected  to 

'-.tacii  levels  exceeding  lO-""  rads,  they  no  longer  functioned  as  useful  enhance- 
ment mode  devices.  The  threshold  voltage  shifts  were  typically  -0.4v  for  10^  rais 
and  -3.0V  for  10  rads  with  the  devices  biased  at  +6v.  The  effects  of  radiation  on 
these  devices  is  shown  in  Fig.  24.  It  was  soon  discovered  that  the  chromium  etch 
being  employed  for  defining  the  gate  dielectric  area  was  an  aqueous  solution  of 
K2Fe(CN),  and  NaOH  which  could  result  in  ionic  contamination  of  the  devices.  Sub- 
sequent devices  were  fabricated  using  ion  milling  of  the  chromium  rather  than  a 
chemical  etch  to  define  the  gate  dielectric  area. 

The  second  attempt  at  processing  n-channel  units  resulted  in  devices  v’hich 
were  normally  on  and  the  third  and  final  attempt  produced  devices  with  threshold 
voltages  closely  grouped  about  +1.8v.  Irradiation  of  these  devices  under  zero  bias 
and  +6V  bias  produced  threshold  voltage  shift-  to  more  positive  values  of  threshold 
voltage.  This  is  illustrated  in  Figs.  25  and  26.  Typical  for  +6v  bias  and  10^ 
rads  produced  aV^  ranging  between  +0.6  to  l.OV.  Transistors  irradiated  with  zero 
gate  bias  showed  AV,p  ranging  between  +0.4  to  0.8v.  Irradiation  to  lo"^  rads  and 
+6v  bias  produces  threshold  voltage  shift  ranging  between  +1.1  to  1.5V.  Devices 
with  zero  gate  bias  exhibit  aV^  between  +0.9  and  1.4v. 

4.2.3  Inverters 


Simple  enhancement  load  p-channel  and  n-channel  inverters  were  fabricated. 

The  transconductance  ratio  of  the  input  to  load  transistor  was  4:1.  Time  limita- 
tions did  not  permit  the  process  development  for  the  fabrication  of  CMOS  inverters. 

The  transfer  characteristics  for  the  inverters  were  obtained  with  a supply 
vol  tage  Vj)p  of  6v.  P-channel  units  showed  a small  change  in  transfer  characteris- 
tics with  irradiation  as  can  be  seen  in  Fig.  27.  The  rapid  degradation  with 
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F IG. 19 


TRANSFER  CHARACTERISTICS  OF  Hf02  LOAD  TRANSISTOR  AS  A 
FUNCTIONOF  7-  IRRADIATION  ( IRRADIATED  WITH  Vq  = 0) 


UNIRRADIATED 


OV  BIAS  106  RADS 


VERT  — 0. 1 ma/div 
HORIZ-  1.0  V/div 


OV  BIAS  lO^RADS 
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FIG.  20 


DISTRIBUTION  OF  THRESHOLD  VOLTAGE  SHIFT  FOR  P-CHANNEL  Hf02  TRANSISTORS 
SUBJECT  TO  OV  BIAS  AND  10®  RADS  Co  (SO)  T-  IRRADIATION  (32  UNITS) 


-AV-r-  SHIFT  IN 
THRESHOLD  VOLTAGE 
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FIG.21 


DISTRIBUTION  OF  THRESHOLD  VOLTAGE  SHIFTS  FOR  P-CHANNEL 
Hf02  TRANSISTORS  FOR  -6V  BIAS  AND  1Q6  RADS  Co  {60)7-  IRRADIATION 
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FIG.  24 


Iq  - Vq  characteristics  UF  I\! -CHANNEL  Hf02TRANSIST0RS 
BEFORE  AND  AFTER  Co  (60)  7-IRRADIATION 
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FIG.  26 


TRANSFER  CHARACTERISTICS  OF  SERIES  III  N-CHANNEL  Hf02 
LOAD  TRANSISTOR  AS  A FUNCTION  OF  7-  IRRADIATION 


VERT  - 0.05  ma/div 
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irradiation  of  the  sodium  contaminated  n-channel  inverters  is  shovm  in  Fig.  28. 
N-fihannel  inverters,  from  the  series  III  wafer  show  a moderate  degradation  of  the 
transfer  characteristics  after  rads  as  shown  in  Fig.  29. 
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5.0  DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 


React! vely  sputtered  hafnium  dioxide  has  been  demonstrated  co  be  a radiation 
tolerant  gate  dielectric  which  holds  potential  for  the  fabrication  of  radiation 
hardened  insulated  gate  field  effect  transistors.  The  threshold  voltage  shifts 
induced  for  Co(60)  gamma  ray  exposures  of  lo"^  rads  and  gate  biases  tjf  i 6v  usually 
did  not  exceed  |l.5V|  for  transistors  with  1200  S Hf02  gate  insulators.  The  process 
for  device  fabrication  was  not  optimized  since  there  were  problems  encountered 
regarding  reproducibility. 

A prime  example  is  the  contrary  sense  of  the  shift  of  threshold  voltages  for 
devices  irradiated  with  zero  bias  applied  to  the  gate.  For  zero  bias  charge  injec- 
tion should  play  no  role.  The  series  III  n-channel  transistors  shifted  to  more 
positive  values  of  threshold  voltage,  whereas  the  transistors  on  the  p-channel  wafers 
showed  a shift  to  more  negative  values  of  threshold  voltage.  In  one  case,  the  insu- 
lator exhibits  characteristics  in  which  electron  trapping  is  predominant,  and  in 
the  other  case,  hole  trapping  dominates.  These  results  were  obtained  for  devices 
which  were  fabricated  using  the  same  processing  conditions  but  at  different  times. 

In  the  radiation  tolerance  screening  with  MIS  capacitors,  similar  results  were 
observed  with  hole  trapping  predominating  in  most  of 'the  samples  prepared.  Tliis 
behavior  suggests  that  the  radiation  response  of  hafnium  dioxide  is  sensitive  to 
subtle  processing  variations.  Contamination  may  be  playing  a role  since  the  film 
deposition  was  done  in  an  area  without  special  environmental  control.  It  is  unfor- 
tunate that  time  or  funds  did  not  allow  for  adequate  process  development,  nor  for 
an  investigation  as  to  the  mechansims  which  play  a role  in  malting  sputtered  hafnium 
dioxide  films  relatively  insensitive  to  ionizing  radiation. 

A disappointing  feature  of  Hf02  is  that  the  polycrystalline  films  did  not  act 
as  barriers  to  positive  ion  drift  as  was  found  for  Si3Nij.  and  AI2O0  but  this  con- 
sideration alone  shoiH.d  not  discourage  the  application  of  Hf02  gate  dielectrics. 

The  resistance  to  attack  by  most  aqueous  acids  and  bases  does  add  some  degree  of 
complexity  by  requiring  the  addition  of  nonstandard  processing  steps  for  device 
fabrication,  but  the  situation  is  not  much  different  for  the  application  of  alumimmi 
oxide  (Ref.  2l)  for  radiation  tolerant  gate  insulators.  Charge  injection  at  higher 
bias  voltages  leading  to  threshold  voltage  shifts  probably  is  the  most  serious 
problem  encountered  with  rf  sputtered  Hf02  films.  This  problem  is  not  unique  to 
Fi02  and  problems  of  a similar  nature  have  been  encountered  with  aluminum  oxide 
gate  dielectrics  (Refs.  11,  12,  21,  22).  This  slow  trapping  instability  could 
limit  the  range  of  usefulness  of  the  Hf02  films  particularly  in  applications  at 
elevated  temperature  where  the  effect  is  more  pronounced.  One  of  several  factors 
may  be  contributing  to  the  instability.  From  the  sense  of  the  hysteresis,  one  could 
attribute  the  behavior  to  charge  transfer  at  the  gate  electrode.  An  alternative 
explanation  is  that  the  instability  may  be  due  to  ionic  polarization  of  the  oxide 
resiating  from  field  ionization  of  defects  in  the  Hf02  film.  This  effect  could  be 
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particularly  significant  at  the  ill  defined  silicon-HfOg  interface.  The  composition 
here  probably  is  some  form  of  mixed  hafnium- silicon  oxide.  Additional  effort  is 
required  to  resolve  this  problem. 

Aside  from  the  slow  trapping  ?lnstability,  reactively  sputtered  HfOg  offers  a 
number  of  attractive  features . 

1.  The  dielectric  constant  of  HfOg  (e  = 22)  makes  it  attractive  from  the 
standpoint  of  significantly  higher  IGFET  trans conductance  relative  to 
SiOg  (e  = 3.9)  gate  dielectrics. 

2.  Sputtered  hafnium  dioxide  films  exhibit  a relatively  low  negative  surface 
charge  density  (-1  x loH  to  5 x lO^Vcm^)  permitting  the  fabrication  of 
low  threshold  voltage  n-  and  p-channel  transistors. 

3.  The  surface  state  density  at  mid-gap  of  sputtered  films  is  moderate 
( 5 X 10^^-/ cm^  to  1 X 10^/ can^ ) . 

4.  Films  did  not  etch  appreciably  in  common  aqueous  acids  and  bases.  This 
insensitivity  of  the  HfOg  films  to  acids  and  bases  make  them  attractive 
coatings  for  application  in  corrosive  environments. 

In  conclusionj  it  has  been  demonstrated  that  n-channel  and  p-channel  transis- 
tors fabricated  with  a reactively  sputtered  gate  dielectric  of  HfOg  show  a high 
degree  of  radiation  tolerance  for  gamma-ray  doses  to  10^  rads.  However,  the 
problems  of  the  slow  trapping  effect  must  be  brought  under  control. 


R76-921337-19 


6.0  REFERENCES 

1.  Lindmayer,  J.,  and  W.  P.  Noble,  Jr.:  IEEE  Trans.  Electron  Device,  ED-19, 

637  (1968). 

2.  Kjar,  R.  A.,  J.  L.  Peel  and  C.  Y.  Wrigley:  IEEE  Trans.  Nucl.  Sci.,  NS-I6, 

207  (1969) . 

3.  Hughes,  H.  L.:  Trans.  Nucl.  Sci.,  N5-l6,  195  (1969) • 

4.  Perkins,  C.  W. , K.  G.  Aubuchon  and  H.  G.  Dill:  IEEE  Trans.  Nucl.  Sci.,  NS -15 

176  (1968). 

5.  Aubuchon,  K.  G. : IEEE  Trans.  Nucl.  Sci.,  NS-I8,  117  (1971) • 

6.  Perkins,  C.  W. : Appl.  Phys.  Letters,  2^,  153  (1968). 

7.  Newman,  P.  A.  and  H.  A.  R.  Wegener:  IEEE  Trans.  Nucl.  Sci.,  NS-l4,  293 

(1967). 

8.  Schmidt,  P.  F.,  M.  J.  Rand,  J.  P.  Mitchell,  and  J.  D.  Ashner:  IEEE  Trans. 

Nucl.  Sci.,  NS-16,  211  (1969). 

9.  Schmidt,  P.  F.  and  J.  D.  Ashner:  IEEE  Trans.  Nucl.  Sci.:  NS -17 , H (1970). 

10.  Zaininger,  K.  H.  and  A.  S.  WEtxman:  Trans.  Electron  Device,  ED-I6,  333  (1969) 

11.  Micheletti,  F.  B.  and  F.  Kolondra:  IEEE  Trans.  Nucl.  Sci.,  NS-I8,  131  (1971) 

12.  Schlesier,  K.  M.  and  P.  E.  Norris;  IEEE  Trans.  Nucl.  Sci.,  NS-I9,  275  (1972) 

13.  Linz,  A:  Phys.  Rev.,  9I,  753  (1953). 

14.  Sawada,  S.;  J.  Phys.  Soc.  Japan,  1237  (1956). 

15.  Gerstenberg,  D.:  l4^^  Nat.  Vac.  Symp.  Am.  Vac.  Soc.,  ''  (I967). 

16.  Kuhn,  M. : Solid  State  Electron,  873  (1970). 

17.  Pennebaker,  W.  B.:  IBM  J.  Res.  Develop.,  33,  686  (I969) . 

18.  Shuskus,  A.  J.,  D.  J.  Quinn,  D.  E.  Cullen:  App.  Phys.  Lett.,  l84  (1973). 


47 


R76-921337-19 


References  (Continued) 

19.  Goldstein,  R.  M.  and  F.  W.  Leonhard:  Proo.  IEEE  Components  Conf.  1967,  p.  312 

20.  Pratt,  I.  H.:  Proc.  IEEE  Ccmponents  Conf.,  1969,  P«  335. 

21.  Duffy,  M.  T.  and  A.  G.  Revesz:  J.  Electrochem.  Soc.,  372  (1970). 

22.  Harari,  E.  and  B.  S.  H.  Royce:  IEEE  Trans.  Nucl.  Sci.,  280  (1973). 


48 


R76-921337-19 


Distribution  of  Report  R76-921337-19 


Director 

Advanced  Research  Projects  Agency 
Attention:  Program  Management 

l400  Wilson  Boulevard 
Arlington,  Virginia  22209 

Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  Virginia  22217 
Attention:  Code  421 

Director 

Naval  Research  Laboratory 
Washington,  D.  20390 
Attention:  Library,  Code  2029  (ONRL) 

Director 

Naval  Research  Laboratory 
VTashlngton,  D.C,  20390 

Attention:  Technical  Information  Division 

Office  of  the  Director  of  Defense 
Research  and  Engineering 
Information  Office  Library 
The  Pentagon 

Washington,  D.C,  20301 

U.S.  Armi'-  Research  Office 
Box  CM,  Duke  Station 
Durham,  North  Carolina  27706 

Defense  Docimientatlon  Center 
Cameron  Station 
Alexandria,  Virginia  22314 

Director  National  Bureau  of  Standards 
Attention:  Technical  Library 

Washington,  D.C.  20234 

Commanding  Officer 

Office  of  Naval  Research  Branch  Office 
536  South  Clark  Street 
Chicago,  Illinois  60605 


R76-921337-I9 


San  Francisco  Area  Office 
Office  of  Naval  Research 
50  Fell  Street 

San  Francisco,  California  9^102 

Naval  Plant  Representative 
United  Technologies  Corporation 
Pratt  & Whitney  Aircraft  Division 
East  Hartford,  Connecticut  06108 

Air  Force  Office  of  Scientific  Research 
Department  of  the  Air  Force 
Washington,  D.C.  20333 

Commanding  Officer 

Office  of  Naval  Research  Branch  Office 
1030  East  Green  Street 
Pasadena,  California  9H01 

Office  of  Naval  Research 
Branch  Office 
495  Summer  Street 
Boston,  Massachusetts  02210 

Director 

U.S.  Army  Engineering  Research  and 

Development  Laboratories 

Fort  Belvoir,  Virginia  22060 

ODDR&E  Advisory  Group  on  Electron  Devices 

201  Varick  Street 

New  York,  New  York  100l4 

Air  Force  Weapons  Laboratoiy 
Technical  Library 
Kirtland  Air  Force  Base 
Albuquerque,  New  Mexico  87117 

New  York  Area  Office 
Office  of  Naval  Research 
207  West  24'*^^  Street 
New  York,  New  York  10011 


(3) 


(1) 


(3) 


(1) 


(1) 


(3) 

(1) 


(3) 


r76-9?.133T-19 


Air  Force  Avionics  Laboratory 
Air  Force  Systems  Command 
Technical  Library 
Wright-Patterson  Air  Force  Base 
Dayton,  Ohio  45433 

Air  Force  Cambridge  Research  Laboratory 
L.G.  Hanscom  Field 
Technical  Libraiy 
Cambridge,  Massachusetts  01238 

Harry  Diamond  Laboratories 
Technical  Library 

Connecticut  Avenue  at  Van  Ness,  N.W. 
Washington,  D.C. 

Naval  Air  Development  Center 
Attention:  Technical  Library 

Johns  ville 

Warminster,  Pennsylvania  l89?4 

Naval  Weapons  Center 
Technical  Library  (Code  753) 

Chin®  Laite,  California  93555 

Naval  Training  Device  Center 
Technical  Library 
Orlando,  Florida  32813 

Naval  Research  Laboratory 

Underwater  Sound  Reference  Division 

Technical  Library 

P.O.  Box  8337 

Orlando  Florida  328o6 

Navy  Underwater  Sound  Laboratory 
Technical  Library 
Fort  TruiiJiull 

New  London,  Connecticut  06320 

Commandant,  Marine  Corps 
Scientific  Advisor  (Code  AX) 
Washington,  D.C.  20380 


(1) 


(1) 


(1) 


(1) 


(1) 

(1) 

(1) 


•) 


(1) 


R76-921337-19 


(1) 

Naval  Ordnance  Station 

Technical  Library 

Indian  Head,  Maryland  20640 

(1) 

Naval  Ship  Engineering  Center 
Philadelphia  Division 
Technical  Library 

Philadelphia,  Pennsylvania  19H2 

(1) 

Naval  Postgraduate  School 
Technical  Library  (Code  0212) 

Monterey,  California  939^0 

(1) 

Naval  Missile  Center 
Technical  Library  (Code  5o32.2) 

Point  Mugu,  California  93010 

(1) 

Naval  Ordnance  Station 
Technical  Library 
Louisville,  Kentucky  402l4 

(1) 

Naval  Oceanographic  Office 
Technical  Library  (Code  l640) 

Suitland,  Maryland  20390 

....  (1) 

Naval  Explosive  Ordnance  Disposal  Facxlx  y 

Technical  Library 

Indian  Head,  Maryland  20640 

4. 

Naval  Electronics  Laboratory  Center 

Technical  Library 

San  Diego,  California  92152 

(1) 

Naval  Undersea  Warfare  Center 
Technical  Library 
3202  East  Foothill  Boulevard 
Pasadena,  California  9H07 

(1) 

Naval  Weapons  Laboratory 
Technical  Library 
Dehlgren,  Virginia  22448 

. (l) 

Ha,v8.1  Ship  Kesearch  and  Development  Center 
Central  Lihrary  (Code  l42  and  l43) 

Washington,  D.C.  20007 


R76-921337-19 


Naval  Ordnance  Laboratory  White  Oak 

Technical  Library 

Silver  Spring,  Maryland  209IO 

Naval  Avionics  Facility 
Technical  Library 
Indianapolis,  Indiana  46218 

I.H.  Pratt 
AMSEL-TL-IF 

U.S.  Army  Electronics  Command 
Fort  Monmouth,  New  Jersey  07703 


UNCLASSIFIED 


SECURITY  classification  OF  THIS  PAGE  CVniOT  Dmf  Entared) 


REPORT  DOCUMENTATION  PAGE 


|2.  GOVT  ACCESSION  NO 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


GF  Sputtered  Thin  Film  Research. 


aI'  J ,/^huskus 


A 


js-  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

United  Technologies  Research  Center 
East  Hartford,  Connecticut  O6IO8 


pi.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Advanced  Projects  Agency 


litOO  Wilson  Blvd.,  Arlington,  Virginif 


I l«  MONITORING  AGENCY  NAME  A ADDRESSfl/ c/<//«r»n«  Irom  Controlling  OIIIcb) 

Department  of  The  Navy 
Oifice  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  Virginia  22217 


16.  DISTRIBUTION  STATEMENT  (ol  thia  Rapori) 


17.  DISTRIBUTION  STATEMENT  (of  tha  abalraci  antatad  In  Block  30,  II  dlllarani  Irom  Raport) 


I IB.  supplementary  NOTES 


p9.  KEY  WORDS  (ContinuB  on  roveroe  mIdB  U nBcmmmmry  mnd  Identify  by  block  numbor) 


Reactive  sputtering.  Strontium  Titanate,  Tungsten  Trioxide,  Hafnium 
loxide.  Radiation  Hardening,  Insulated  Gate  Field  Effect  Transistors 


po.  ABSTRACT  (Contlnum  on  rover**  mlda  ti  nmcmmomry  mnd  tdmntify  by  block  numbor) 

This  report  discusses  the  results  of  an  investigation  regarding  the 
potential  of  the  high  dielectric  constant  macerials  SrTiOo,  WOo  and  HfO?  as 
alternate  gate  insulators  for  radiation  hardened  insulated  gate  field  effect 
transistors  The  insulators  were  deposited  by  rf  sputtering.  Capacitor 
structures  fabricated  with  SrTi03  and  WO3  films  did  not  show  adequate 
stability  under  bias  and  temperature  stress  to  be  useful  gate  dielectrics. 


DD  1J°N^3  1473  edition  OF  1 NOV  65  IS  OBSOLETE 


S/N  0102-014-  6601  | 


UNCLASSIFIED 


SE^RITY  CLASSIFICATION  OF  THIS  PAGE  flWi.n  Data  Brian 


¥09 


Reactively  sputtered  hafnium  dioxide  MIS  capacitors  exhibited  far  more 
stable  characteristics  with  bias  and  temperature  stress,  although  slow 
trapping  effects  were  observed  at  high  bias  voltages.  Hafnium  dioxide 
MIS  capacitors  irradiated  with  Co(6o)  gamma  rays  to  a dose  of  10  rads 
showed  a high  degree  of  radiation  tolerance.  Based  on  these  encoioraging 
results,  n-channel  and  p-channel  transistors  with  hafnium  dioxide  gate 
insulators  were  fabricated.  The  devices  exhibic  excellent  transistor 
characteristics.  For  a gate  insulator  thickness  of  1200  S,  and  bias  volt- 
ages of  ±6V,  threshold  voltage  shifts  in  most  instances  did  not  exceed 


